Abstract: An offset representative unit cell (ORUC) is introduced to predict elastic properties of three-dimensional (3D) eight-harness satin weave composites both analytically and numerically. A curved beam model is presented based on minimum complementary energy principle, which establishes an analytical solution for elastic modulus and Poisson's ratio calculation. Finite element method is developed to predict engineering constants of composites. Modified periodic boundary conditions and load method for ORUC are also presented. Experiments of simulated material are performed under tensile test. Close correlation is obtained between experimental data and predictions. Sensitivity study is conducted and manifests that within a large variation of constitutive material properties, the curved beam model derives close predictions comparing to finite element model, which indicates the stability of the curved beam model. Parametric study is also conducted to discuss the effect of weave type and geometric dimensions on elastic properties. It is argued that the curved beam model could manifest fine predictions accurately and stably, and is recommended for the prediction of elastic properties of satin weave composite.
Introduction
Carbon/carbon composites (C/Cs) are regarded as one of the best thermal-structural materials due to their balanced properties in low density, high specific strength, good thermal stability and conductivity, low expansion coefficient, and excellent ablation performances [1] [2] [3] . They are wildly used in aviation and aerospace fields where service temperature is super-high (over 3000°C), such as reentry nose tips, rocket nozzles, and supersonic aircraft brakes [4, 5] . Unlike traditional laminated composites, C/Cs are usually structural material, especially three-dimensional (3D) weave C/Cs, which provide multidirectional reinforcement and directly enhance the stiffness and strength in the through-the-thickness direction. They do not possess weak planes of potential delamination and, hence, manifest increased impact resistance and fracture toughness [6, 7] .
To take full advantage of these properties, it is necessary to investigate the mechanical behavior of the material and the component response into a deeper level. Considerable efforts have been made to understand their mechanical behavior, and many models have been developed to predict their stiffness and strength. These models are generally divided into analytical approaches [6] [7] [8] [9] [10] considering different assumptions of fabric geometry to calculate the mechanical properties of the composite and finite element methods [11] [12] [13] [14] [15] treating matrix and fibers as discrete components to obtain numerical results. Even though finite element methods seem more accurate, defining the fabric geometry and properties at each point inside a woven fabric composite is a complex and timeconsuming task, let aside the computational complexity. Now only a few detailed volumetric unit cell models have been created for the basic plain woven fabric composites; a generalized volumetric approach is not yet feasible. On the other hand, the finite element methods cannot be any more accurate unless truly representative boundary conditions are used [10] . In order to develop computationally efficient analysis tools for 3D composites, analytical approaches other than finite element methods are in clear demand in recent years.
The majority of analytical models are still rooting in classical laminate theory and orientation-averaging techniques. These models are based on the assumptions that the unit cell can be represented as an arrangement of unidirectional segments (with yarn orientations defined in 2D, not 3D space) and that iso-strain or iso-stress conditions apply. All of these are easy to implement and computationally inexpensive. Iso-stress models provide a lower bound to stiffness predictions, while iso-strain ones provide an upper bound [16] . The most representative works are made by Ishikawa and Chou [17] and Chou [18] . In the 1980s, they proposed three analytical models to predict elastic stiffness of woven fabrics based on classical thin laminate theory (CLT). In the mosaic model [18] , a fabric composite is as an assemblage of pieces of asymmetrical cross-ply laminates; an iso-strain or iso-stress state is assumed to obtain the elastic stiffness matrices. In the fiber-undulation model [17] , as an extension of the series model, fiber continuity and undulation (only in weft direction) are taken into consideration, and is adopted for modeling the "knee behavior" of plain woven fabric composites. This model is suitable for fabrics with lower-order repeats in the unit cell. The bridging model [17] is a combination of series and parallel models used in satin weave composites. It extends the fiber undulation model to model general satin weave composites, wherein there are straight thread regions surrounding an interlaced region, which are, thus, separated from one another.
A lot of researchers refined these models by considering more detailed constitutive geometry and properties. Aitharaju and Averill [11] considered fiber waviness in both directions and presented an analytical/numerical model. In the model, a unit cell was divided into three regions depending on tow waviness. By assembling these regions, the problem of estimating the Young's modulus and Poisson's ratio in all directions is divided into three subproblems, and the superposition method is used. Hallal et al. [19] takes into account the real geometry of undulated yarns and proposed an improved analytical model based on mixed iso-strain and iso-stress assembling models of a 2.5D interlock woven composite. According to this paper, it is proved that a model based only on an iso-strain condition could not give accurate results, while a mixed iso-strain and iso-stress model yields more accurate estimations.
Although refined CLT methods give improved predictions for several elastic properties, their applications are still limited within certain types of weaves and could only predict in-plane properties. In 1998, Gommers et al. [20] applied the Mori-Tanaka (M-T) method to different types of textile composites and concluded that especially with knitted fabrics, the M-T model yields better results than the classical iso-strain model.
Recently, a large amount of researchers have proposed models based on variational principles of strain energy. The strain energy method deals away with the iso-stress/ iso-strain assumption present in most analytical models, allowing for a more accurate prediction of the elastic properties, with a computational cost only a slight higher in comparison with CLT models. Tong et al. [21] assumed fiber yarn to be a curved beam supported by an elastic tension or shear foundation in a woven composite material. The curved beam modeling procedure is then utilized to predict the ultimate failure stress of the 3D orthogonal woven composite materials when subject to a tensile load in the filler direction. Sheng and Hoa [22] developed a 3D micro-mechanical model to obtain 3D stiffness and compliance matrices via variational potential energy method and variational complementary energy method. Xiong et al. [23] and Cheng and Xiong [24] proposed micro-mechanical models to predict the elastic modulus of 2D plain weave fabric (PWF) composite. The two orthogonal yarns in a micro-mechanical unit cell are idealized as curved beams with a path depicted using sinusoidal shape functions. The modulus is derived by means of a strain energy approach founded on micro-mechanics. Although the modulus of curved beams was derived directly, the existence of the matrix was neglected. As a substitute, a parallel model was employed afterward to obtain overall stiffness.
From the previous works, a lot of analytical models are developed for textiles, but only a few have been applied to satin weave composites. There is a need for analytical models to effectively predict the mechanical behavior of composites in a different weave geometry. Meanwhile, numerical techniques, such as the FEM, are also required to verify the validity of models.
In this paper, an offset representative unit cell (ORUC) is introduced to predict the elastic properties of 3D eightharness satin weave C/Cs both analytically and numerically. A two-stage curved beam model is presented based on minimum complementary energy principle, which established an analytical solution for elastic property calculation. Finite element method is developed to predict engineering constants of C/Cs. Modified periodic boundary condition and load method for ORUC are also presented. Both analytical and numerical predictions are compared to experiment results as well as several existing models. A sensitivity study is conducted to verify the validity and stability of the analytical method. A parametric study is also conducted for a different weave type and geometric dimensions to discuss the effect of each parameter on elastic properties.
Two-stage analytical curved beam model
This section addresses the two-stage analytical curved beam model, which derives the elastic properties of 3D weave C/Cs. Figure 1 shows micro-graphs of C/C 3D eight-harness satin weave composites. Figure 1A is the section graph in the X-Y plane, while Figure 1B is the section graph in the X-Z plane. It can be observed that the fabric in the X-Y plane is satin weave cloth where tows are undulated, while fiber tows in the Z direction are piercing tow, which are almost straight in composites.
Geometrical description and representative unit cell
From the micro-graphs, the geometry can be idealized as carbon fiber tows woven together as shown in Figure 2 . The weave is geometrically balanced, which means that the geometry of warp and fill directions is identical [25] .
Because of the geometric complexity of the eightharness satin weave composite, the representative unit cell (RUC) is usually selected as a full size cell [18] , which includes 64 overlapping regions as shown in Figure 2 . Yet, this RUC is quite complex, unlikely to perform neither analytical analysis nor numerical computation. Several researchers [26, 27] divided the RUC into three sub cells, which were used to assemble a full RUC by the rule of mixtures. However, as periodic boundary conditions are not suitable for sub cells, an iso-strain condition is usually applied, resulting in deviation from the reality. Herein, an offset representative unit cell (ORUC) is introduced in this paper to simulate the eight-harness satin weave composites, which should reduce the calculation complexity with functions equal to a full size cell. As shown in Figure 2 , the part in the square box is selected to be the ORUC, which is only one eighth the volume of an ordinary RUC. ORUC repeats in non-vertical directions 1 2 ( , ) n n as shown in Figure 3 to form the whole material. As the ORUC in this paper differs from the traditional RUC reported in other literatures [18, 17] , a verification test is conducted in Appendix A. The structure of the ORUC is demonstrated in Figure 4 . It should be noted that a matrix is hidden in Figure 4 , and in the rest of this paper, fiber tows in different directions will be represented by X, Y, or Z tows referring to the coordinates demonstrated in Figure 4 .
Because of repeatability of the ORUC, eight Y tows are linked together in the sequence of 1st-6th-3rd-8th-5th-2nd-4th (demonstrated in Figures 3 and 4) , which exactly form an identical geometry the same as the X tow. It is consistent with the balance weave feature of the composites in this paper. In order to have a geometry of weave composites demonstrated and simulated conveniently, several assumptions are to be made based on micro-graphs of the material: -The triaxial tows can be idealized as curved beams with a path depicted by straight lines and sinusoidal shape [defined in Equations (1)-(5) and shown in Figure 5 ]. -The cross section of typical X and Y tows can be idealized as "racetrack" shape, while the cross section of the Z tows is idealized as a circle (shown in Figure 6 ). -The tows are incompressible in transverse direction [23] .
Dimensions of ORUC are measured in micro-graphs, and are listed in 
Otherwise 2
Based on these assumptions, the area and inertia moment of the X and Y tows are: 
Properties of constituent material
It is assumed that the matrix zones are formed by mechanically isotropic amorphous carbon material [28] . Rao et al. The unidirectional fiber tow materials considered here is comprised of T300 carbon fibers, which are surrounded by amorphous carbon matrix to form tows. Considering their geometric features, fiber tows are treated as orthogonal anisotropic material [29] . Blacklock and Hayhurst [30] performed a finite element analysis of the tow to calculate the values for elastic and shear moduli and Poisson's ratios in the three principal directions. These values are listed in Table 2 , and are employed in this paper to simulate the response of the composites.
Mechanical model for woven fiber tows
The mechanical behavior of 3D weave composites depends on the type of weave, fabric geometry, fiber volume fraction, and material constituents used. In the case of a uniaxial tension loading, the tows become straightened in the loading direction, while crimping and jamming occurs in the transverse direction. The matrix makes significant differences in supporting tows bearing tensile or compression loads, and tows in the Y and Z directions also enhance the tension and bending stiffness of the unit cell, which should be considered analyzing the elastic response. As the Z tows are not undulated in the composites, suppose that the Z tows do not interact with the X and Y tows directly.
In this paper, considering longitudinal tensile loading, the interaction between fiber tows and matrix was considered through two stages. First, the longitudinal tows are supported by matrix and tows in the transverse direction, and a homogenization process is adopted to simplify the mechanical analysis in the loading direction, as shown in Figure 7 . Second, when stretched with longitudinal tows, the matrix shall shrink in the transverse direction due to Poisson's ratio, which forms a mechanical equilibrium between tows.
At the first stage, the mechanical support effect of the matrix and the Y/Z tows can be idealized as a concentric beam stick to the axial fiber, herein called "mixed beam." The mixed beam has the same length as the X tow, with a hole along the centric line and containing several fiber tows vertical to the centric line (Y and Z tows). Accounting for the geometry feature, equivalent elastic properties of the mixed beam can be calculated by the series-chain model (Reuss assumption [31] ):
where c m , c x , c y , and c z represent the volume fraction of the matrix and fiber tows in three directions, respectively. The cross sections of the mixed beam vary in different positions due to the undulation of the X tow. Thus, its inertia moment I mix is a continuous variable along the axial direction, as demonstrated in Figure 8 , while its area A mix is a constant. For simplification, the average value of I mix = 0.01681 mm 4 will be employed in the following simulation.
Suppose the interface between the matrix and fiber tows are perfect, the displacement of the X tow and mixed beam would be identical; therefore, they could be treated as a single beam with new properties. Suppose the elastic modulus, inertia moment, and section area are E n , I n , and A n , respectively, these parameters should satisfying: Table 2 : Constituent material properties for C/C composites.
Material
Young's modulus
Poisson's ratio Shear modulus
Unidirectional tows 
E I E I E I E A E A E A
In order to simplify the geometrical description, new beams (with properties of E n , I n , and A n ) will still be named X tows. Elastic properties of Y tows could be revised using the same method. Figure 9A illustrates the interaction between biaxial tows. In the interlacing part of the cell, there should be an interaction force only if at least one interlacing tow is curved. Thus, there is no interaction force in the interlaced 1st, 3rd, and 5th Y tows. According to the balance weave feature and periodicity of ORUC, interlacing forces 2, 4, 6, and 8 are equivalent. They shall share a single semi-bending interaction force. Assume the semi-bending and bending interaction forces being N a , N b ; likewise, the longitudinal tensile force and constraint moment being N 1 , M 1 , and transversal constraint moment being M 2 , respectively, as indicated in Figure 9 . It should be noted that eight Y tows are linked together in sequences as aforementioned; thus, their external load can be represented by M 2 , and the internal loads between Y tows (linked by a dashed line in Figure 9B ) will be derived later.
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Meanwhile, the moments of the Y tows are:
, 0 2
where i y M represents the moment of the i-th Y tow in the unit cell. The on-axial force of the X tow is:
Otherwise
From Equations (10) to (19) , the complementary strain energy of the X tow in the unit cell is:
The complementary strain energy of the Y tows in the unit cell can be obtained in a similar way:
Therefore, the total complementary energy of the RUC can be obtained as:
As on-axial forces and moments are liner combinations of external and interaction loads, the total complementary energy could be deduced to a quadratic form. Defining
where the coefficients k ij are constants concerning geometric parameter, material properties, and values J 0 to J 4 . J 0 to J 4 are defined as:
According to the complementary variation principle, the system should be stable in the minimized total complementary energy, which should lead to:
Equation (29) 
where η i are constants, which indicates the forces and moments are liner forms of N 1 . Based on the potential energy principle, deformation of the unit cell in the X direction under external and internal load could be derived:
Therefore, the elastic modulus of the woven tows in the X direction could be deduced as:
In the second stage, the effect of the Poisson's ratio of the matrix is considered. Three steps are taken to carry out the process. Figure 10 illustrate the steps in the X-Y plane.
Step I, ORUC is not deformed, L x and L y are the initial dimensions.
Step II, regardless of the interaction between matrix and transverse tows, when longitudinal tow stretches δ x , the stress of the matrix is 0 .
The matrix shall shrink δ my and δ mz in the Y and Z directions:
The shift of the Y and Z tows in their axial direction due to Poisson's ratio ν f are:
Step III, equalize the deformation of the matrix and transverse tows. The stress increment of the matrix from step II to III in different directions are:
, ,
where E yt = E xt , and E zt is calculated as the same method with the homogenization process of the mixed beam:
The strain increment of the matrix from step II to III could also be deduced:
Equations (35) and (37) could be substituted into constitutive equations of the matrix: 
By solving equation (38), , 
)
When applying uniaxial loading in the Z direction, assume that the deformation of the Z tow is δ zt . For the limitation of the chapter, a detailed deviation process of the gas has been saved; the elastic moduli E zz could be deduced in a similar manner:
Hence, the elastic properties except shear moduli are derived.
The analytical curved beam model proposed in this paper considered the interacting force between the X and Y tows as well as the supporting function and Poisson's ratio of matrix, which derives the elastic properties of the composites directly. The verification and comparisons are made in the following sections.
Finite element model of representative unit cell
In order to verify the validation of the analytical model, a finite element method (FEM) model based on periodic boundary conditions is established to predict the engineering constants of C/Cs.
Finite element model
An FEM model is established using the commercial analysis software ABAQUS (Dassault Systèmes Simulia Corp., USA), as shown in Figure 11 . The X, Y, and Z tows and matrix, which have the same geometrical characters described in Section 2.1, make up the entire ORUC.
As failure is not considered in this model, the interface between tows and matrix is assumed to be perfect; thus, the tows and matrix are constructed within a single part, sharing one set of nodes on the interface to simulate the fully contacted interface. The mesh for the woven tows consists of 120032 C3D8 (eight-node liner brick) and 3232 C3D6 (six-node liner triangular prism) elements, and the mesh for the matrix consists of 34944 C3D8, 2688 C3D6, and 150704 C3D4 (four-node liner tetrahedron) elements.
Periodic boundary conditions
A periodic boundary conditions is essential in RUC model [14, 32] . Xia et al. [33] proposed an explicit unified form of periodic boundary conditions for a parallelepiped-shaped periodic RUC model, which proved satisfying not only for the boundary displacement periodicity but also for the boundary traction periodicity. For parallelepiped RUC models, a unified periodic boundary conditions practically in commercial finite analysis software is obtained: The boundary of the ORUC model in this paper is split into eight faces as shown in Figure 12 . Thus, the boundary condition can be derived from equation (41) 
where u abcd represents the displacement of each node on the boundary surface S abcd , etc.
In this paper, a master-slavery-nodes method is employed, where the nodes a, e, f, and n are master nodes, other nodes in the boundary are slavery nodes, as shown in Figure 12 . The external load on the ORUC can be applied by determining the displacement of the master nodes [33] . According to equation (42), each constant c i could be represented by the displacement of a pair of corresponding nodes. Thus, there are some equations available: c 1 = u a − u e , c 2 = u f − u e , c 3 = u n − u e , c 4 = u n − u f , Where u a represents the displacement of the node located in point a, etc. Equation (42) 
It should be noted that faces S abfe and S bcgh are each split into two faces, and periodic boundary conditions corresponds diagonally.
Equation (43) is used to set constraints to the FEM model between each pair of nodes at parallel surfaces via the Python script in ABAQUS. It should be mentioned that constraints in the edges and vertexes may be over constrained due to their situation in several faces, and the minimum number of combinations of constraints needs to be deduced to avoid an over constrained degree of freedom.
Load method and elastic properties of ORUC
Elastic properties are obtained by measuring the displacement or reaction force of master nodes in different load methods. Each type of load method, corresponding to a component of stress tensor ( ), ij σ is applied to the FEM model by assigning a displacement of master nodes. Through measuring displacements and reaction forces, the mean stress and strain could be deduced and then used to obtain elastic constants. The displacements of the master nodes in the load methods are given in Table 3 . Values in parentheses mean displacements in the X/Y/Z directions, respectively. It should be mentioned that the displacement "-" means no constraint in the corresponding degree of freedom, and their displacements ought to be measured after the numerical computation.
The computation process is performed in the software ABAQUS/Standard. In the case of unidirectional tensile loading σ xx , the stress and displacement nephograms of ORUC are shown in Figure 13 .
As demonstrated in Ref. [33] , the average stress and strain ( xx σ and xx ε ) of the ORUC can be calculated by displacements and reaction forces of master nodes. Regarding dimensions of the ORUC, xx σ and xx ε are:
where f x P and f x ∆ are the reaction force and displacement of the node f in the X direction. Elastic tensile modulus and Poisson's ratio can be calculated by:
Other elastic constants can be deduced in a similar manner. Predictions of elastic constants in the FEM model are listed in Equation (46). Table 4 show that for mesh sizes 0.04-0.02, the difference in the predicted moduli and maximum mises stress is less than 0.3% and 2%. However, the computational time for the mesh size 0.02 model to the mesh size 0.04 model is more than doubled. Therefore, the mesh size of the ORUC model has been assigned to 0.04.
Experiment validation 4.1 Experiment configuration
As there are few experimental results for the 3D eight-harness satin weave composites in the previous literatures, experiment tests were performed to evaluate the mechanical properties of the material. The specimens are manufactured from the full thickness sheet composites and piercing fiber tows (Beijing North XinYuan Electrical Carbon Products Co., Beijing, China). The carbon matrix, which surrounds the fibers, is manufactured by the CVI technique [34] . The phenolic resin composite is first carbonized at temperatures up to 2500°C to create a porous structure. It then undergoes a CVI process in which a hydrocarbon gas is "cracked" at about 1000°C. The resulting carbon is deposited in the porous carbon fiber structure. The specimen shape is given in Figure 14 , and dimensions h and w are listed in Table 5 . The radius, R14.5, was introduced to ensure that there would not be any failure appearing in the side of the specimen first. The specimens were tested in an INSTRON 250KN tensile testing machine (8802; Instron Corp., USA). As there is no well-recognized testing standard, the tests were carried out under a constant displacement rate of 0.5 mm/min, which should be at an equivalent strain rate of 3 × 10 −5 s −1
. The determination of this value was discussed by Sheikh et al. [35] .
As shown in Figure 14B , each specimen was instrumented with four electrical resistance strain gauges (front and back). Their purpose was to enable axial alignment of the specimen at low loads before the test was started and to provide a means of measuring the strain throughout the test. Considering the extremely high material cost, only two specimens were carefully prepared and tested. The loading speed was controlled at 0.5 mm/min until the ultimate failure of the structures. The axial load, displacement, and stain were measured during the test. All the results will be given in the following section.
Experiment results
The experimental results are listed in Table 5 . As seen in the stress-strain curves in Figure 15 , two specimens are in excellent repeatability. There is an apparent liner relationship between the stress and strain before half of the ultimate load. Therefore, tensile elastic properties of the specimen are calculated from the stress-strain slope of fitting within this region.
Comparisons and discussions
To validate the analytical and FEM models in this paper, comparisons have been made between predictions and experiments, as well as predictions of several models in literatures. The sensitivity effects of several parameters are also discussed.
Elastic property
Several models are employed to predict the tensile modulus of the composites, which are the bridging model [18] and the iso-stress and iso-strain model [17] . The experimental results are tabled in Table 6 along with the predictions of the different models. It could easily be found that the predictions of the FEM model show the minimum errors for all the experiment results. Among the analytical models, the curved beam model agree well with the experimental results, which indicates the validity of the curved beam model addressed in this paper. Table 6 indicates that the moduli predictions of the curved beam model, FEM model, and bridging model are between the predictions of the iso-tress model and isostrain model. This result is consistent with the conclusion of the previous work [17] that the iso-strain model gives an upper bound of the prediction for fabric composites, and the iso-stress model gives a lower bound.
From the previous work, it could be concluded that all the iso-strain/stress model and bridging model are based on the classical laminated theory, which ignore the interaction of interlacing strands. Some models in the literature [22] [23] [24] take interacting force into consideration, yet the effect of the matrix was ignored in the mechanical process of strands and are not suitable for satin weave composites. However, the curved beam model in this paper considered the interlacing force between the orthogonal strands and the effects of the matrix supporting and Poisson's ratio, along with the undulation and practical cross section of the strands and actual representative boundary conditions, to predict the elastic properties of satin weave composites. The relative error of the predicted tensile modulus is less than 2% compared to the experimental results, which is quite good for an analytical model.
Sensitivity study
A sensitivity study is conducted for the variation of the constitutive elastic properties. By comparing the predictions of the different models, the validity and stability can be suggested.
The constitutive elastic properties
A wide range of constitutive elastic properties is set in different models to predict the elastic moduli. The results are show in Figures 16 and 17 . The iso-stress model is excluded due to its huge deviation. As the FEM model is the most accurate one, all the predictions from the analytical models will be compared with those from the FEM model for each variation parameter.
From Figure 16 , it can be concluded that while all the models show positive correlation between the predicted moduli and the constitutive properties, they manifest different relative deviations. The predictions of the iso-strain model still show the upper bound of all the other models, which corresponds to the results in the literature [17] .
Comparing to the predictions from the FEM model, the relative deviation of the curved beam model is shown in figures as column bars, and two conclusions can be drawn. First, predictions of E zz are more accurate than that of E xx , which accounts for the straightness of the Z tows. Second, the curved beam model reveals fine stability in relative deviation compared to the FEM model. Within a large variation of the constitutive material properties, the relative deviation maintained less than 4%, which indicates that the curved beam model is not sensitive to variation of the constitutive material properties and can be applicable to composites with other materials. In contrast, other analytical models are sensitive to constitutive properties on a different level. This could lead to a conclusion that the curved beam model is consistent with actual conditions of the material.
Because of the complexity of the weaving structure, the relationship between the moduli of composites and several constitutions is usually nonlinear. The results of the FEM model illustrated this argument. However, the iso-stress, iso-strain, and bridging models are essentially linear models based on the classical laminated theory; their predictions are linear with the constitutive properties. Yet the curved beam model discards linear assumptions and uses variation methods in a mechanic process. As shown in Figures 16 and 17 , the curved beam model gives fine predictions of nonlinearity similar to the FEM model. It is argued that the curved beam model is a nonlinear model and could manifest fine predictions accurately and stably.
Effect of weave parameters on elastic properties

Type of weave
The various types of weaves can be identified by geometrical quantities n g , which indicate a wrap/fill thread is interlaced with every n g -th fill/wrap thread. As defined by their n g values, the fabrics of Figures 18 and 2 are known as plain-weave (n g = 2), twill weave (n g = 3), five-harness satin (n g = 5), and eight-harness satin (n g = 8). In this paper, the analytical and FEM models are built for these weave types via approaches demonstrated in Sections 2 and 3. The predictions of elastic properties from the curved beam (analytical) and FEM models are given in Figure 19 . It can be concluded that there is a positive correlation between n g and the elastic moduli, and the moduli grow slower with the increase in n g because as n g increases, there would be less undulated yarns, which is the main cause of stiffness loss. The stiffness, by inference, should get close to an upper limit when n g is large enough. The Poisson's ratio shows an inverse correlation with n g and approaches a lower limit when n g decreases. The curved beam model gives fine predictions for elastic moduli both in-plane and out-of-plane directions, while the predictions of Poisson's ratio show an ascending deviation when n g decreases. 
Geometric parameters
In order to appraise the effect of the geometry parameters of the braiding yarns on the elastic properties of composites, the analysis was conducted to discuss the variation of elastic constants with several parameters, which are fiber volume fraction of the X tow (c x ), aspect ratio (a/b), undulation length (g), and depth (h). Figure 20 shows the variation of predicted elastic properties with the fiber volume fraction. It should be noted that the fabric is still balanced woven and c z is invariant. Compared to E xx and ν xy , it is obvious that c x has less effect on E zz and ν xz . The E xx grow linearly as c x increases, and E zz grows slower than E xx , but the growth rate shows a slight increment as c x increases. Therefore, the fiber volume fraction has a great effect on in-plane properties and limited effect on out-of-plane properties. Figure 21 shows the variation of the predicted elastic properties with the aspect ratio a/b. The model was set to maintain the volume fraction ratio of each component. It is not difficult to find that a/b almost has no effect on ν xy and ν xz . It is clear that a/b has little effect on E zz and weak effect on E xx . With the decreasing a/b, E xx begins to increase gradually. Thus, it can be concluded that the effect of the aspect ratio on elastic properties can be neglected when a/b is greater than 3.
The effects of the undulation length (g) and depth (h) on the elastic properties are given in Figures 22 and 23 . It can be analyzed that the undulation parameters have an obvious effect on in-plane properties, and almost no effect on out-of plane properties. Concerning the in-plane properties, E xx and ν xy show an opposite trend responding to g and h.
Increasing g should diminish the inclination of woven tows, leading to the stiffness increase. Increasing h leads to a wider gap between the central lines of the woven tows, and larger inclination. In order to prove the stiffness of fabrics, a wider undulation length and minor depth are needed, requiring a topological optimization for weave geometry.
Influence of Z tows on in-plane tensile modulus
Micro-CT graphs in this paper show that the Z tows are nearly straight in composites. The Z tows mainly exist to enhance the strength and stiffness between fabric layers. The influence of the Z tows on in-plane tensile modulus is studied in this section. Usually, when composites are 2D fabrics, the density of the in-plane tows are higher than that in the 3D composites. In this paper, this effect is neglected to verify the influence of the Z tow existence. Compared to 3D composites, only Z tows will be removed and replaced with a matrix, and the other components are unchanged. Both FEM and curved beam model are employed to predict the moduli E xx , and the results are shown in Table 7 .
As shown in Table 7 , the absence of the Z tows brings down the in-plane elastic tensile modulus; both the FEM and curved beam model showed a decrease of 6−7%. With the absence of the Z tows, predictions of the curved beam model is still in fine agreement with the FEM model, which indicates that the modified model is available in predicting 2D composites.
Conclusion
An offset representative unit cell (ORUC) is introduced to predict the elastic properties of the 3D eight-harness satin weave composites both analytically and numerically. The analytical model takes the interlacing force between tows and effects of the matrix supporting and Poisson's ratio into consideration, which derived the elastic properties of the unit cell directly based on the minimum complementary energy principle. In the numerical model, periodic boundary conditions for the ORUC model is derived based on previous work, and the engineering constants of the composites are obtained through a master node loading method. The experiment of the simulated material is performed under tensile test. Close correlation is obtained between experimental data and predictions.
The sensitivity study shows that within a large variation of constitutive material properties, the curved beam model derives close predictions comparing to finite element model, which indicates the validity of this model. It is also argued that the curved beam model is a nonlinear model, which could manifest fine predictions accurately and stably, and is recommended for the prediction of the elastic properties of the satin weave composite. The development of these mechanical models will provide increased efficiency in selecting the best fabric type and reinforcement for structural composites.
Appendix A Form verification study
The form verification study is conducted to verify the validity of periodic boundary conditions for the offset representative unit cell (ORUC). Two FEM models were built by the ORUC and RUC methods, respectively, for identical plain weave composites as shown in Figure 24 and two transverse tows; the second model, ORUC, is half the size of RUC. Periodic boundary conditions and external loads were applied to models, respectively, according to the methods demonstrated in Sections 3.2 and 3.3. If two models are equal in mechanical analysis, they should show an identical response for equivalent loads. Verification was performed by comparing strain and stress fields in two models under several load conditions. Table 8 lists the maximum and minimum stress/strain of two models under different loads. It could be concluded that for each parameter that two models showed pretty close prediction. These differences could be a result of numerical computation precision. Figure 25 is the stress nephograms of two models under the xy σ load. It is obvious that the two nephograms showed similar stress distribution. It is argued that the two models should be equivalent in mechanical analysis.
